In this research work, a comparative study between the precision obtained with a touch probe and that obtained with a scanning probe (SP-25) is carried out for a specific coordinate measuring machine (CMM). These two types of probes cover the most commonly used contact probes in CMMs, where touch probes work by making contacts with the part and scanning probes maintain the contact with the part as they scan along its surface. In order to do this, one part was manufactured by machining and a series of measurements were taken over it at distinct locations in the CMM working volume. This part consists of parallel planes with different height values (70 mm, 45 mm, 25 mm and 10 mm) from the horizontal plane located on the granite table. The above-mentioned part was measured at five different locations distributed along the working volume and the measurements were repeated three times, where all of them were taken at a temperature of 20 ºC ± 1 ºC. Moreover, not only the CMM uncertainty is taken into account but also the variability associated with the manufactured part along with the measuring process of it.
Introduction
Dimensional precision of manufactured parts is a matter of the greatest importance, especially in cases where these are to be in contact with each other. Measuring with precision is imposed by the need for manufacturing products within tolerances. Moreover, in order to guarantee precision in any result, it is necessary to ensure traceability where this implies determining the uncertainty of the measurements (see Aggogeri et al. (2011 ), Feng et al. (2007 and Barini et al. (2010) ).
Generally speaking, coordinate measuring machines (CMM) represent one of the most accurate and flexible measuring instruments used in the metrology field. These are the main reasons why they have become widespread throughout manufacturing companies. Therefore, with this kind of measuring device, it is possible to carry out measurements with a high degree of precision for manufactured parts of practically any type of shape and size (see Hocken and Pereira (2012) ).
There are several basic CMM configurations such as: moving bridge type, fixed bridge type, column type, cantilever type, horizontal arm type and gantry type, among others (see AENOR (2001) ). This precision study is to be carried out on a moving bridge CMM since it is the most widely used type. Nevertheless, the present study can be applied to any kind of CMM configuration. Furthermore, when the precision of a particular CMM is going to be evaluated, one of the most important aspects to take into account is the type of probe to be utilized. Although a great variety of probes exist, these can be divided into two different categories: contact and noncontact probes. Nowadays, contact probes continue to be the most popular and widespread in CMMs because of their precision and that is the main reason why two of them have been selected to make this comparative study of precision.
So, the main aim of this work is to carry out a comparative study between the precision obtained with a touch probe and that obtained with a scanning probe (SP-25). These two types of selected probes cover the most commonly used contact probes in CMMs. In order to do this, one part was machined and measured several times at distinct locations in the CMM working volume. All the measurements were taken at a reference temperature of 20 ºC ± 1 ºC. Moreover, not only the CMM uncertainty (which is of 1.7 μm + 3L/1000 μm) was taken into account but also the variability associated with the measuring process.
Equipment description
As was mentioned above, the coordinate measuring machine used in the present study was of the moving bridge type. Fig. 1 shows a picture of the CMM, where it can be observed that this type of CMM has a stationary table, made of granite, which supports the part to be measured. Some of the advantages that this CMM configuration presents are as follows: higher natural frequencies (if it is compared to cantilever configuration), small to medium measuring range and relatively small measuring uncertainties (Hocken and Pereira (2012) ). On the other hand, due to the yawing effect, which is caused when the two CMM columns move at different speed values, the bridge can twist, thus affecting both the CMM accuracy and precision.
The CMM used in this precision study, which belongs to the Public University of Navarre, is a DEA Global Image Clima. It has an articulated probe head of type PH10MQ and the measuring software is PC-DMIS TM 3.7. As was mentioned above, the standard uncertainty of the CMM is given by: u CMM = (1.7 + 3L/1000) μm, where L is the length being evaluated, and its measuring volume is as follows: 850 mm (X) x 1460 mm (Y) x 780 mm (Z).
The two contact probes whose performances are to be compared in this present study are TP-200 and SP-25, which can be observed in Figs. 2 (a) and 2 (b), respectively. TP-200 is a precision touch-trigger probe manufactured by Renishaw which uses strain gauge technology, thus giving a higher accuracy than kinematic touch-trigger probes. The stylus module is mounted on the probe via a highly repeatability magnetic kinematic joint, providing rapid stylus changing capability and overtravel protection. With respect to the length of the stylus employed, this was 20 mm and the tip was a ruby ball with a diameter of 3 mm (see Renishaw's TP200 specifications) .
Also manufactured by Renishaw , SP-25 actually provides two sensors in one as it enables scanning and touchtrigger probes in a single system. Its transducer system consists of a pair of infrared beam sources (IREDs), a pair of light sensitive position sensing devices (PSDs), a pivot spring motion system and an integral pair of reflective concave mirrors. In operation, the IRED beams are directed onto the mirrors and then focused and reflected back onto the PSDs, where they can be translated into spatial measurement coordinates. The stylus length used in this probe was 21 mm and the diameter for its corresponding ruby ball was 5 mm (see Renishaw's SP25 specifications). In accordance with Renishaw's probes data sheets and taking their stylus length values into account, we are going to assume that the standard uncertainties values for TP-200 and SP-25 are u TP200 = 0.75 μm and u SP25 = 0.60 μm, respectively.
In order to carry out this precision study, one part made of aluminium was machined in the shape of a ladder (see Fig. 3 ).
The ladder to be measured consists of parallel planes with different height values (70 mm, 45 mm, 25 mm and 10 mm) from the horizontal plane, which is located on the granite table of the coordinate measuring machine. Fig. 4 shows the dimensions of the part in the shape of the straight ladder. The measuring process of the part will be made at five distinct locations. These five locations (identified as "P1" to "P5") are distributed all over the measuring volume of the coordinate measuring machine as follows: "P1" represents the position at the centre, "P2" represents the position at the closer right corner, "P3" represents the position at the closer left corner, "P4" represents the position at the further right corner and, finally, "P5" represents the position at the further left corner of the measuring volume of the CMM. The part will be measured three consecutive times at every position by using both the SP25 and the TP200 touch probes. The measuring points taken by both probes over the part are the same in each of the measured positions.
Furthermore, when defining the geometric planes of the part to be measured, a minimum number of three contacts per plane are required on the surface. In order to analyse the influence of such a number of contacts over the precision in the measuring process, these elements will be defined from three, four and five contact points.
Uncertainty analysis
In order to carry out the uncertainty analysis in the case of the measuring process of the straight ladder, the recommendations set out in Guide to the Expression of Uncertainty in Measurement (ISO (1995)) were followed, these leading to Equation 1.
Where u is the uncertainty of the measured dimension of the part, u x is the standard deviation of the mean distribution (which, in this case, is equal to the standard deviation of the measurements divided by 3), u is the uncertainty of the coordinate measuring machine (defined in Section 2) and u is the uncertainty of the used probe, that is to say, TP-200 or SP-25. Although the uncertainty of the measured dimensions is only based on three repetitions, in previous analyses, it has been seen that the use of more repetitions leads to similar results and therefore, it has been carried out in this way so as to simplify the statistical calculations.
Once the uncertainty has been evaluated by the procedure described previously, it is possible to assign a coverage factor (k) so that the so-called expanded uncertainty (U) is evaluated by Equation 2.
U part = k · u part
(2)
This coverage factor k is a numerical factor used as a multiplier of the combined standard uncertainty in order to obtain an expanded uncertainty, that is to say, a quantity defining an interval about the result of a measurement that may be expected to encompass a large fraction of the distribution of values that could reasonably be attributed to the measurand. This fraction may be viewed as the coverage probability or confidence level of the interval. In this study, a coverage factor of k equal to 2 was selected, which produces an interval having a confidence level of 95.45 %, if a normal distribution is assumed. Tables 1 and 2 show the mean and the expanded uncertainty values of the measurements obtained in the case of the straight ladder when using TP-200 and SP-25, respectively. As was mentioned above, when defining the planes of this ladder, three, four and five contact points were taken. "D1" to "D4" represent the distances between each plane of the ladder and the horizontal plane of the CMM located on the granite table. The values of the extended uncertainty were rounded up to three significant figures. In order to determine the homogeneity of the measured data, the multiple sample comparison (MSL) procedure was used. This procedure is designed to compare two or more independent samples of variable data. Tests are run to determine whether or not there are significant differences between the means, variances, and/or medians of the populations from which the samples were taken. The statistical software used in applying this procedure was Statgraphics Centurion XVI.
When applying the multiple sample comparison procedure to this straight ladder, all the groups of means and uncertainties arranged in positions are homogeneous for a confidence level of 95 %, where this means that the obtained measurements do not depend on the CMM position in any case.
In order to evaluate the performance of both probes when measuring the straight ladder, uncertainty values were grouped into two samples that were compared, showing that SP-25 is more accurate than TP-200, as can be observed in Table 3 and Fig. 5 .
Finally, it was considered to be of interest to study the influence of the number of contact points (3, 4 and 5) over the results obtained for the mean and the uncertainty values. To this end, means and uncertainties were grouped into three different samples for each of the two contact probes and all the groups turned out to be homogeneous, this meaning that, in particular, there are no significant differences in the precision of the measurements when three, four or five contact points are used to define the planes of the straight ladder, as can be observed in Figs. 6 (TP-200) and 7 (SP-25).
Conclusions
In this research work, a comparative study between the precision obtained with a touch probe (TP-200) and that obtained with a scanning probe (SP-25), both of them from Renishaw , is carried out for a DEA moving bridge coordinate measuring machine of type Global Image Clima.
In order to carry out this analysis, one part made of aluminium was machined in the shape of a straight ladder to measure distances between planes.
After having measured this part with the two previously-mentioned contact probes, the mean and the expanded uncertainty (following the recommendations set out in the GUM) values of these measurements were calculated. Thanks to the use of the multiple sample comparison procedure, it was possible to study the homogeneity of the measurements at different locations of the measuring volume of the CMM.
In the straight ladder, the precision of the CMM when measuring distances between planes does not depend on the position they were located at, for any of the two used probes and for any of the used contact points (3, 4 or 5).
Furthermore, the performance of the two contact probes turned to be different and the SP-25 probe shows a better performance than the TP-200 probe, which means than the first is more precise than the second.
Finally, it was verified that there were no significant differences in the precision of the measurements when three, four or five contact points were used to define the planes of the straight ladder.
